Abstract-This study focuses on development of corn-oil ester and tap water mixtures as novel solid-liquid phase change material (PCM) candidates for low temperature refrigeration applications with product temperature between -20 °C and -10 °C. Thermal properties of both tap water and its mixture with corn-oil ester were tested by DSC and T-history methods. The test results showed that freezing and melting temperatures of tap water were 0 °C and phase transition temperatures of the mixtures were lower than those of individual tap water. The results indicated that corn-oil ester in the mixtures as a nucleate agent was able to lower the freezing point and to trigger ice nucleation in tap water which could diminish its super-cooling. The PCM candidates were found to have excellent thermal properties that could fulfill requirements of latent heat thermal energy storage systems used for low temperature refrigeration applications.
I. INTRODUCTION Thermal energy storage (TES) systems could potentially provide energy savings, which in turn could reduce environmental impact related to energy use [1] . One way of storing heat is by using latent heat of phase change of a substance, usually from solid to liquid, as it can exhibit high latent heat of phase change and has attracted much interest as possible heat thermal storage [2] . Latent heat storage using PCMs is one of the most efficient methods of storing thermal energy [3] . PCMs have the advantages of high energy storage density and small temperature variation during phase change process [4] . They have been applied to increase the TES capacity of different systems [5] . In general, PCM are classified into organic compounds and inorganic compounds [6, 7] . Organic PCMs are very important class materials because of their unique thermal properties such as congruent melting process and narrow melting-freezing temperature ranges [8, 9] .
Selections of PCMs with suitable phase change temperatures are critical [10] . In order to obtain a desired phase change temperature, eutectics and mixtures can be formulated. This makes PCMs attractive in many applications [11] . In addition, the combination of nucleating agent within a PCM is considered as a solution to minimize super-cooling [12] .
The main requirements of a PCM from material point of view are, of course, high phase change enthalpy and suitable phase change temperature which is depending on the applications [13] . A PCM should have freezing-melting temperatures that can easily be adjusted [14] . Its melting temperature should be laying in a practical range of operation. Furthermore, it should be melting congruently with minimum degree of super-cooling, chemically stable, low in cost, nontoxic and non-corrosive [15] .
To date, the best-known PCM is water. It has very good thermal properties such as reliability, low cost, high specific heat, high density, high latent capacity of 335 kJ/kg and safe [16] . Technology using water as PCM is ready for use and available commercially. Unfortunately, for applications at temperatures below 0 °C water is not suitable [17] . Water also has a big degree of super-cooling during solidification process [18] . In some applications, degree of super-cooling can have major effect on a system performance [19] . In order to make water applicable as PCMs at temperatures below 0 °C, nucleation agent could be added to trigger heterogeneous nucleation. This could also eliminate the super-cooling of water [20] .
The main objective of this paper is to develop phase change material candidates for low temperature refrigeration applications. The PCM candidates were made by mixing cornoil ester which worked as nucleation agent. Corn-oil ester and water solutions to be investigated are applicable for low temperature refrigeration systems of product temperatures between -20 °C until -10 °C. The solutions contain only small portion of corn oil ester. Larger part of the solutions is water which makes them become strong PCM candidates for low temperature refrigeration applications. Moreover, corn-oil ester also contains various types of fatty acids which have many superior properties as organic PCM materials [21] [22] [23] [24] . Fatty acids are also derivatives of materials that are readily found in nature such as vegetable oils and labeled as bio-based materials [25] . However, fatty acid ester is more expensive compared with corn-oil ester. Another advantage is that cornoil ester offers a continuous supply [26, 27] .
II. MATERIALS AND METHODS

A. Materials
Materials used in this study were tap water and natural-oil ester as nucleating agent resulted from esterification of corn oil. The natural oil ester is then called as corn-oil ester. It contains methyl esters as its major chemical composition. Methyl ester is a small ester with single carbon chain. Small esters are soluble in water. In addition, solubility of small ester in water such as corn oil ester can also be explained that certain acid molecules of ester in water solution having -OH cluster are ionized by releasing hydrogen atom to make ion H+. Even though esters cannot hydrogen bond with themselves but esters can hydrogen bond with water molecules. Individual positive hydrogen atom in a water molecule can be attracted to one of the single pairs on one of the oxygen atoms in an ester for a hydrogen bond to be formed. Moreover, there is also dispersion forces and dipoledipole attractions between the ester and the water molecules which releases energy. This helps to supply energy required to separate water molecule and ester molecule from others before they can mix together [6, 28] . This certainly explains why corn oil ester dissolves in water.
The corn-oil esters were chosen as nucleating agents for the purpose of obtaining a low cost PCM which was considered as one important factor for the scale of PCM applications. At present, the market price of fatty acid esters is relatively high. This is because of the cost of producing the fatty acid esters is higher than that of corn oil esters due to production line of fatty acid ester includes purification process. While the corn-oil esters can be used without further purification.
B. Preparation of corn-oil ester in water eutectic mixture as PCM
Establishing energy conservation at temperature below 0 °C through implementation of phase change material (PCM), two type substances can be mixed in their eutectic proportion to attain the lowest eutectic temperature, that is the phase change temperature. In this research, to reduce phase change temperature of pure water, corn-oil ester was applied as a dispersed phase and tap water as a continuous phase of the solution. The solutions were prepared at different concentrations (% volume) of corn-oil ester in water, namely: 15%, 20% and 25%. Other concentrations such as 5%, 7.5%, and 10% have also been investigated for medium temperature refrigeration applications [29] but they are not included in this paper. For testing purposes, volume of each PCM sample was prepared for 10 ml and inserted in a glass tube.
Chemical composition of corn-oil ester was individually tested with Gas Chromatography Mass Spectrometry (GCMS). The test method comprised analysis of corn oil ester which was performed on a GC-MS Shimadzu type QP 2010 with a split/split less injector. Separations were achieved using an Agilent J%W DB-1 capillary column (30 m × 0.25 mm ID). Helium was used as carrier gas with initial pressure of 12.0 kPa, constant linear velocity of 26.6 cm/sec, column flow: 0.54 mL/minute and a split ratio of 1:21.2. The injector temperature was 300 °C. The oven temperature was programmed at 50 °C with hold for 10 minutes and increased to 280 °C at a rate of 5 °C/minute and hold at the final temperature for 49 minutes. MS parameters: samples were analyzed in the full scan mode with a scan speed of 2,000 atomic mass unit (amu)/sec and a mass range of 28-610 m/z; interface and ion source temperatures were 250 °C and 305 °C respectively. The MS corn oil ester peaks were identified by comparing their retention time with NIST62 and WILEY229 library.
The GCMS test results are presented in Table I . The table shows that corn-oil ester is composed mainly by methyl esters of 38.54%. The oil ester also contains benzene (17.45%), 1,3-cyclohexadiene (8.29%), beta-sesquiphellandrene (23.83%) and others of about 11.89%. Esters are polar molecules that have a very important role on the solubility of corn oil in water. 
C. DSC and T-history thermal analyses
Thermal properties of the PCM candidates (of corn-oil ester in water mixtures) were measured by differential scanning calorimeter (Perkin Elmer Jade DSC). The properties included melting and freezing temperatures and latent heat of melting and freezing. The analyses were performed at temperatures between 25 °C and -100 °C for cooling and from -100 °C to 25 °C for heating at 2 °C per minute of cooling and heating rate. The analyses were also performed under a constant stream of nitrogen gas at flow rate of 20 mL per minute. The temperature accuracy was ± 0.01 °C and heat flow repeatability was 0.2 μW. A 30 mg sample of PCM candidate was sealed in an aluminum pan. The melting and crystallization points were taken as onset temperatures. The latent heat of PCM candidates was determined by numerical integration of the area of peak thermal transition.
Even though phase change temperatures of the solutions can be measured by the DSC system, the specimen used in DSC is very small (of about 10-30 mg) which is not applicable for practical use especially for samples that contain water with high degree of super-cooling [30, 31] . Whereas degree of super-cooling is an important parameter for PCMs. In this research, phase change temperatures and degree of supercooling of the PCM candidates were tested by using T-history method which is considered more suitable for this application. Detailed method and equipment used for the T-history measurement have been published and reported in [29] .
III. RESULTS AND DISCUSSION
A. Super-cooling analysis
Super-cooling occurs when the temperature of a liquid is lowered below its freezing point without becoming a solid [32] . Fig. 1 shows that tap and mineral water was super-cooled to reach -7.5 °C and -8.5 °C respectively before the ice formation process started. The ice crystallization process involves combination of nucleation and growth of ice crystals within a crystalline structure. Investigation on pure water reported in [33] stated that pure water which does not contain nucleation of ice particle can withstand its liquid condition during super-cooled state down to as low as -42 °C before freezing homogenously. Transformation of water into crystal requires nucleus as crystallization trigger. It takes appropriate incorporation of molecules in a sufficient size to provide a nucleus for crystal growth [34] . Ice crystal formation occurs after nucleation, at which the water molecules join the already formed nuclei. Fig. 2 shows that PCM candidates with different concentration of corn-oil ester are able to initiate formation of ice nuclei quickly at somewhat higher temperature than its approaching freezing-point of the solution. The additions of 15%, 20% and 25% of corn-oil ester in the PCM candidates can decrease tap water freezing point to -10 °C, -15 °C and -19.5 °C respectively. They can also reduce super-cooling degree to 0.75 K, 0.4 K and 0 K respectively. Water molecules, which merge with nuclei formed in the solution, increase the crystal growth rate until at a stable state of the solution. The stable state of the solution is achieved when no more crystal is being formed. The addition of corn-oil ester as solute particle into the tap water as solvent produce some ions that contribute to intermolecular force between solvent and solute particles. During cooling process, the pulling force between solvent and solute particles release more heat hence the freezing point of the solution is lowered. Therefore, corn-oil ester solution is able to reduce or even eliminate super-cooling due to: (i) faster nucleation and (ii) lower freezing point. The role of corn-oil ester solution, therefore, is able to eliminate and to reduce freezing point in some extent according to solution concentrations, as shown in Table II . 
B. Thermal properties of the PCM candidates
In order to compare thermal properties and phenomena in melting and freezing processes of the PCM candidates, the DSC curve for melting and freezing processes of tap water is also presented in this paper as shown in Fig. 3 . The figure shows that there is a high degree of super-cooling, as indicated by two intense exothermic peaks during cooling cycles. The melting and freezing temperatures of tap water resulted from DSC were 0 °C and -19.5 °C respectively, and the latent heat of melting and freezing were 297.4 J/g and 102.4 J/g respectively. It is noteworthy that, whatever the sample size, ice melts at 0 °C [35] . On the contrary, freezing occurs at different temperatures, depending on the water sample size [36] . From nucleation theory, it has been shown that the smaller the volume, the lower the freezing temperature. For bulk water, freezing occurs at -14 °C for a volume of 1 cm3 and at around -24 °C for a volume of 1 mm 3 , while for microsized droplets (1 µm 3 ) freezing is found around -39 °C [37] . The energy released during the freezing process is evidenced on the DSC result as an exothermic peak with imperfect bell shape when compared with melting process. The temperature difference between two exothermic peaks during cooling cycles may be correlated to the amount of super-cooling degree which depends on surface conditions, cooling rate, liquid volume and nucleate agent [38] . In the melting phenomenon there is no delay, all the water melts at the same temperature, i.e. 0 °C, which is the thermodynamic equilibrium temperature between ice and water. Thermal properties of PCM candidates which contain tap water and various compositions of corn-oil ester can be seen in Figs. 4-6. Fig. 4 shows thermal properties of PCM candidate with 15% corn-oil ester. From the figure it can be seen that the addition of 15% corn-oil ester into tap water still demonstrates the occurrence of super-cooling. Increasing the concentration of the corn-oil ester to 20% (Fig. 6) causes degree of super-cooling of the PCM solution decreases. Degree of super-cooling is totally disappeared as the concentration of corn-oil ester reaches 25%. This is indicated by a perfect bell shape shown in Fig. 6 . The results also show that a complete process of crystallization, which can be seen in Figs. 3-6 , is very fast because with only one nucleus may initiate the solidification and simultaneously nucleation occurs. Therefore, a significant amount of energy is released in a very short time, and that is the reason why the first part of the exothermic freezing peak is so sharp. The freezing temperatures vary from one sample to another, because nucleation is a stochastic phenomenon. Results of DSC and T-history test methods are also summarized in Table II and III. The table clearly shows that melting temperatures of the PCM candidates are lower than those of the tap and mineral water. Table III also shows freezing temperature of water obtained from T-history are 0 °C. The melting and freezing temperatures of corn-oil ester in water solutions of concentration 15%, 20% and 25% (by volume) range from -10 °C to -20 °C. While melting and freezing latent heat varies from 85-125 J/g to 92-113 J/g respectively. The results indicated that by increasing concentration of corn-oil ester in water solution can reduce melting temperature and minimize or even negate the supercooling. These properties make the solutions potential to be PCMs with large latent heat and suitable phase change temperatures for low temperature refrigeration applications. For discussion on methods to apply PCM as energy storage in freezer cabinet with low temperature refrigeration system has been reported in [39] . 
IV. CONCLUSIONS
Corn oil ester in tap water mixtures have been investigated for development of phase change materials (PCMs) as thermal energy storages that can be applied for low temperature refrigeration systems. DSC and T-history thermal analyses were applied in the investigation and it has been found that the water-based mixtures contain 15%, 20% and 25% corn-oil ester have freezing temperatures of -10 °C, -15 °C and -20 °C respectively. The investigation also found that the PCM candidates at test conditions have minimum or even without degree of super-cooling. Additionally, corn-oil ester and water offer a continuous supply and cheaper compared with fatty acid esters that frequently used for below 0 °C applications. These make the mixture of corn oil ester and water become applicable as low cost novel PCMs for low temperature refrigeration applications.
